Introduction {#Sec1}
============

Porcine parvovirus (PPV) belongs to the family *Parvoviridae* and exists as a single-stranded, minus-strand DNA virus \~5,000 bases in length. PPV is among the most common and important causes of infectious infertility in pigs and can result in significant economic losses to the swine industry. It is one of the few viruses that can survive in the environment for extended periods of time and is refractory to most disinfectants. Currently, there are no viable treatments for the disease. Vaccination is effective, but cost and safety issues have been deterrents to routine vaccination in many regions of the world.

Porcine parvovirus was first reported by Mahnel et al. \[[@CR15]\] upon culturing a swine fever virus; it was subsequently isolated from diseased pigs in 1967 \[[@CR3]\]. Major clinical symptoms of PPV disease include miscarriage, stillbirth, mummified piglets, and newborn piglet death \[[@CR22]\]. This disease has been found worldwide since the early 1980s \[[@CR5], [@CR14]\].

At present, attenuated and killed viral vaccines are being used to control PPV infection; however, an attenuated vaccine stands the danger of restructuring and reacquiring virulence. Furthermore, evidence has been advanced that vaccination against PPV may protect against the disease, but it does not necessarily prevent viral infection and virus shedding of heterologous strains \[[@CR10], [@CR26]\]. As such, conventional use of PPV vaccines on an "as needed" basis provides an opportunity to develop drug therapies for use as supplementary control strategies.

Diammonium glycyrrhizinate (DG), the active ingredient of *Glycyrrhiza* extraction, has significant anti-inflammatory effects and enhances liver cell protection and liver function \[[@CR7], [@CR16]\]. This compound is active against human immunodeficiency virus (HIV) \[[@CR20]\], hepatitis A virus (HAV) \[[@CR4]\], hepatitis B virus (HBV) \[[@CR21]\], coronavirus \[[@CR11]\], and herpes virus \[[@CR23]\]. In this study, the antiviral effects of DG on PPV in vitro were analyzed. Data presented herein indicate that DG decreases infectivity of PPV significantly if incubated with the virus prior to contact with the cells.

Materials and Methods {#Sec2}
=====================

Cytotoxic Assay {#Sec3}
---------------

Swine testis (ST) cells, a PPV-susceptible cell line, were maintained in our laboratory and grown in Dulbecco's Modified Eagle Medium (DMEM) with 10 % fetal bovine serum at 37 °C and 5 % CO~2~. PPV strain PPV2010 was propagated in ST cells in the absence of serum and used for infection analyses \[[@CR5], [@CR19]\]. Cytotoxic assays were performed according to published MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole) protocols with minor modifications \[[@CR11], [@CR23]\]. Cell monolayers plated onto 96-well culture plates were washed three times with phosphate-buffered saline (PBS); then, DG (Zhengda Pharmacy, China) was serially diluted twofold in serum-free DMEM and added onto the wells (5 wells per each dilution). Mock-treated cells containing no DG were used as negative controls. The cells were cultured at 37 °C for 72 h, supplemented with 80 μl per well DMEM and 20 μl per well 0.5 % MTT solution and then incubated for an additional 4 h at 37 °C. After washing with PBS, 150 μl of DMSO was added to each well. The plates were shaken gently for 15 min to dissolve the formazan precipitate, and the OD~570~ was recorded. Cell survival rates were calculated from mean values according to the following equation: (OD~570~ drug)/(OD~570~ control) × 100. Deoxycholate (DOC) (Sigma, China) was serially diluted twofold beginning with 2 mg/ml in serum-free DMEM and added to the ST cell monolayers cultured at 37 °C for 72 h to observe cytopathic effects.

Treatment of Cells Prior to Virus Infection {#Sec4}
-------------------------------------------

The ST cells cultured on 96-well plates were treated with an experimentally determined, non-toxic concentration of DG (250 μg/ml) \[[@CR9], [@CR19]\] at 37 °C for 1 h and then washed three times with PBS. The cells were subsequently infected with PPV \[100 tissue culture infective dose (TCID)50\] at 37 °C for 72 h, and MTT assays were performed as described above. Cell survival rates were similarly calculated from mean values.

Treatment of PPV-Infected Cells {#Sec5}
-------------------------------

To determine the effect of DG on PPV-infected cells, ST cells were infected with PPV (100TCID50) for 1 h at 37 °C, treated with 250 μg/ml DG at 37 °C for 72 h, and then washed three times with PBS. Cell survival rates were calculated using the MTT assays as described above.

Treatment of Virus with Drug {#Sec6}
----------------------------

To investigate direct effects of DG on the virus, PPV (100TCID50) was incubated with 250 μg/ml of DG at 37 °C for 1 h. The DG-treated PPV was subsequently used to infect ST cells as previously described \[[@CR11], [@CR18]\]. Briefly, confluent ST cells grown on 96-well plates were washed three times with PBS followed by infection with the DG-treated PPV at 37 °C for 72 h. The MTT assays were performed as described above to calculate cell survival rates.

Immunofluorescence and Real-Time PCR {#Sec7}
------------------------------------

Indirect immunofluorescence assays (IFA) and real-time PCR were performed to confirm and quantify observed inhibitory effects of DG. For IFA, ST cells at 100 % confluency were incubated with drug-treated PPV (100TCID50) at 37 °C for 48 h. In parallel, 31.25 μg/ml of DOC was used to treat PPV as control. After washing with PBS, the cells were fixed with 4 % paraformaldehyde in PBS followed by quenching with 0.1 % glycine in PBS and 1 % Triton-X100 for 10 min. After washing, the cells were incubated with rabbit anti-PPV antibody (1:200) for 1 h followed by incubation with rhodamine-conjugated goat anti-rabbit IgG (1:500) (Zhongshan, China) for 50 min in the dark. All antibodies were diluted in 0.1 % bovine serum albumin.

The effect of DG on PPV infection was quantified by real-time PCR targeting the NS1 gene of PPV. The virus was treated with increasing concentrations of DG at 37 °C for 1 h; DOC-treated PPV was used as control. After washing with PBS, ST cells (100 % confluency in 6-well plates) were incubated with DG-treated PPV (100TCID50) at 37 °C for 48 h. The virus-containing culture was frozen and thawed three times followed by incubation with an equal volume of 20 % polyethylene glycol 8000 (PEG) for 30 min at room temperature. The samples were centrifuged at 15,000 g for 5 min, and the pellets were suspended in DNase-free water.

Total DNA was extracted with a commercial kit (Fastgene, China) according to the manufacturer's instructions. Subsequent PCR was performed using an ABI PRISM 7500 real-time PCR machine (Applied Biosystems, USA). The PCR mixture included 1 μl of DNA template (1 μg), 10 μl of SYBR Taq polymerase, 0.4 μl of ROX reference dye II, 0.4 μl (10 pmol) of sense primer 5′CAACTGGCTTCAAGATAATGCTC, 0.4 μl (10 pmol) of antisense primer 5′TCTTTGTAGGTCTATCATTTC, and 7.8 μl of sterile water. The PCR parameters were as follows: 95 °C for 10 s; 40 cycles of 95 °C for 5 s; and 60 °C for 34 s. Data analysis was based on the measurement of the cycle threshold (*Ct*) values where expression levels of PPV NS1 were first normalized to those of β-actin. Isolated total DNA from untreated samples was used as a reference. For each treated sample, the Δ*Ct* (*Ct* ~sample~ − *Ct* ~β-actin~) was used to measure relative amplification using the 2^−ΔΔ*Ct*^ method \[[@CR11], [@CR12], [@CR16], [@CR18]\].

Statistical Analysis {#Sec8}
--------------------

All experiments were performed in triplicate. Statistical significance was evaluated using the *t* test by SPSS software. Values where *P* \< 0.01 ('\*') were considered highly significant.

Results and Discussion {#Sec9}
======================

The antiviral activities of glycyrrhizin have been well documented \[[@CR1], [@CR2], [@CR4], [@CR6], [@CR8], [@CR13], [@CR23], [@CR24]\]; however, they vary among the different viruses. As example, dissimilar effects on viral replication were observed on cultured HIV isolates depending on whether or not the isolate was a syncytium-inducing variant. This difference was linked to the ability of glycyrrhizin to induce certain ß-chemokines in the cultured cells used to propagate the virus \[[@CR20]\]. Glycyrrhizin inhibited early stage replication of HAV and the penetration of HAV into the plasma membrane in PLC/PRF/5 cells, an Alexander hepatoma cell line, but exhibited no virucidal or inhibitory effects on the adsorption of HAV \[[@CR4]\]. In a guinea pigs model, one group found that intravenously administered glycyrrhizin bound to hepatocytes and modified the expression of HBV-related antigens on the hepatocytes and suppressed sialylation of HBsAg. This was proposed as one mechanism by which intravenously injected glycyrrhizin improves liver function resulting in occasional complete recovery from hepatitis \[[@CR21]\].

In a previous report, both in vitro and in vivo assays indicated that DG had antiviral activity on cell infection by avian infectious bronchitis virus (IBV) and decreased apoptosis of infected cells \[[@CR11]\]. Also, pharmacological activities of DG on pseudorabies virus (PrV) infection were evaluated using virus plaque-reduction assays, PCR, and RT-PCR \[[@CR23]\]. All data points demonstrated inhibition of PrV infection and PrV-induced cell apoptosis; however, these results were observed only if the PrV was pre-treated with DG, indicating that cellular factors for PrV might be involved.

As noted above, the activities of DG on virus infection and replication are various; however, currently there are no reports on the effects of DG on PPV infection. Our studies showed that the maximum, non-toxic concentration of DG on ST cell viability and proliferation was experimentally determined to be 250 μg/ml as indicated in MTT assay and well below that observed in previous studies \[[@CR9], [@CR19]\]. At this concentration, there were no differences between DG-treated cells and mock-treated cells relative to cell morphology (data now shown). DOC was used at a non-toxic concentration of 31.25 μg/ml which was also determined experimentally.

When cells were treated with DG prior to PPV infection, minimal anti-viral effects were observed; the cell survival rate was low at 36.6 % and slightly better than virus controls (26.3 %) but not significantly (*P* \> 0.05) (Fig. [1](#Fig1){ref-type="fig"}a). Significant differences were, however, observed between the cell and virus control groups (*P* \< 0.01). The effect of DG on PPV-infected cells indicated that DG also significantly reduced the infectivity of PPV where the cell survival rate was 74.8 % (Fig. [1](#Fig1){ref-type="fig"}b). When PPV pre-treated with DG was used to infect ST cells, a significant decrease in infectivity was observed where the cell survival rate was 96.4 % (*P* \< 0.01) relative to controls (Fig. [1](#Fig1){ref-type="fig"}c). The results of this treatment regimen were confirmed by IFA. As shown in Fig. [2](#Fig2){ref-type="fig"}, PPV-infected ST cells generated strong fluorescence signals by 48 h post-infection. In contrast, the fluorescence from ST cells infected with DG-treated PPV decreased in a dose-dependent manner. Although the inhibitory effects of DG on PPV-infected cells were lower than those observed on the DG-pretreated virus, high cell survival rates are still important because under most circumstances the antiviral therapy will be used on animals which have been previously diagnosed as positive. Given the difference between the cells pretreated with DG and washed, versus the cells treated with DG post-infection with virus, it is possible that the DG internalized by the cells is functioning intracellularly to bind to and inactivate viral particles within the cells. Indeed, current research is being targeted at finding ways to bind DG to nanoparticles to help better internalize the drug and target specific cell types \[[@CR17], [@CR25]\] As such, the presence of DG may have a meaningful effect on the virus even after it has entered the cell.Fig. 1Effect of DG on viral infection and cell viability. Experiments were conducted to assess the effects of changing the order of DG treatment on virus infectivity and, therefore, cell viability. Each of the 3 separate experiments (**a**, **b**, and**c**) consisted of non-DG-treated cells (cell control), cells or virus treated with DG (DG-treated), and non-DG-treated virus (virus control) where the order of DG treatment was varied. All DG treatments were performed with 250 μg/ml DG and porcine parvovirus (PPV) \[100 TCID50\]. Cell viability was measured using MTT assays. Data were graphed as relative cell viabilities \[(OD~570~ drug)/(OD~570~ virus control)\] for each treatment group. *t* tests were performed by SPSS software;*asterisk* means *P* \< 0.01 relative to non-drug-treated virus control. All experiments were performed in triplicate. **a** ST cells treated with DG prior to incubation with PPV; **b** ST cells treated with DG following incubation with PPV; **c** ST cells infected with PPV pre-treated with DG Fig. 2Inhibitory effects of DG on PPV by immunofluorescence assays (IFA). Porcine parvovirus (PPV) \[100 (TCID)50\] was pre-treated with serially diluted DG starting at a concentration of 250 μg/ml at 37 °C for 1 h followed by incubation with ST cells and IFA analysis. The 31.25 μg/ml of DOC-treated PPV was used as control. Fluorescence intensity (40×) is proportional to viral infectivity and inversely related to DG concentration

Our results clearly showed that DG deactivated PPV. The use of DOC excluded the possibility that the detergent characteristics of DG were the cause of non-specific, antiviral activity. Indeed, it has been reported recently that the oral bioavailability of glycyrrhizin could be improved by formulation of this drug in association with sodium DOC/phospholipid-mixed nanomicelles (SDC/PL-MMs) \[[@CR9]\]. To further support the specific nature of the activity, when the PPV group was treated with DOC the fluorescence signal was not diminished; this observation was quantified by RT-PCR. The results showed that relative amplification of the PPV-derived NS1 gene decreased in a dose-dependent manner to a maximum of 92.3 % in the presence of 250 μg/ml DG and this coincided with a decrease in PPV infectivity (Fig. [3](#Fig3){ref-type="fig"}). Real-time PCR was performed at 24, 36, and 48 h post-PPV infection, and the results showed at all time points that DG treatment inhibited cell infection (data not shown) with maximum inhibition occurring at 48 h.Fig. 3Quantification of DG on PPV by real-time PCR. PPV \[100 (TCID)50\] was pre-treated with different concentrations of DG as indicated followed by incubation with ST cells and real-time PCR analysis. The 31.25 μg/ml of DOC-treated PPV was used as a control. *t* tests were performed using SPSS software.*Asterisk* means *P* \< 0.01 relative to the 0 μg/ml DG group. The experiment was performed in triplicate

As noted, pre-treatment of ST cells with DG did not result in significant increases in cell survival; however, treatment of PPV prior to incubation with ST cells positively influenced cell survival. This suggests that the activity of DG is more direct than indirect where contact with the virus is essential to prevent infectivity. This contrasts with hypotheses suggesting that DG interaction with cell-related factors such as viral receptors is critical for preventing infection. This also suggests that maintaining sufficiently high levels of DG will be necessary to prevent any progeny virus from infecting new cells and propagating the infection after a short latent period. This is important and beneficial as a therapeutic drug for PPV. This can be seen in Fig [1](#Fig1){ref-type="fig"}b where DG was used to directly treat virus-infected cells for an extended period of time (72 h) during which multiple rounds of virus replication would have occurred. Based on these observations, it becomes important to identify the mechanism of binding of DG to PPV as well as other viruses in order to advance development of newer, more effective therapies against viruses known to be affected by DG treatment. In conclusion, DG has negligible adverse effects on ST cells. Further, this study reveals that DG exhibits direct inhibition on PPV in vitro and may be considered an effective anti-PPV agent.
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